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We measured the spectral reflectance of the fovea of ten normal subjects in four conditions, i.e.
under dark-adapted and bleached conditions and at two retinal angles of incidence. The objective
was to study optical pathways through the photoreceptor layer, resulting in a model that
simultaneously explains spectral, directional and bleaching properties of the fovea. On theoretical
grounds, we propose that small reflections from the staclkof discs in the cone outer segments are the
origin of the directional component of foveal reflection. Non-directional reflection occurs at the
inner limiting membrane and at all layers posterior to the outer segments. With four reflectance
spectra as input, the model allows determination of the density of the photostable absorbers, the
lens, macular pigment, melanin and blood. Because of the simplified modeling of the layers
posterior to the photoreceptor layer, the values for the density of melanin and blood are not
necessarily comparable to physiological data. The density of the visual pigment calculated with this
model is consistent with psychophysical data, with estimates for the ten subjects ranging from 0.41
to 0.80. The long wavelength sensitive cone fraction is calculated as 0.56. Copyright@ 1996 Elsevier
Science Ltd.
Density Directional Photoreceptor Reflectometry Stiles–Crawford
INTRODUCTION
Knowledge of the pathways light takes through the
photoreceptor layer is important for understanding a
numberof phenomenasuch as the psychophysicalStiles–
Crawford effect and the related directional reflex. Also,
light that is not guided through the outer segmentsof the
receptor does not lead to a catch in visual pigment.
Retinaldensitometry,a techniqueto assessthe amountof
visual pigment in vivo, is based on a comparisonbetween
the optical reflectance of the fundus in light- and dark-
adapted states. The pathways that light takes through the
receptor layer influencethe calculationof the real amount
of visual pigment. Rushton (1965) and Ripps & Weale
(1965) made an early attempt to construct models to
calculate the amount of visual pigment. The simplest
model assumes (1) a homogeneous layer of light-
absorbing visual pigment in the dark-adapted eye, (2)
that this layer is transparentin the light-adaptedstate, (3)
and that all light is reflectedfrom a layer posterior to the
pigmentlayer. The light thuspassesthe visualpigmentin
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the outer segments of the photoreceptor twice. Ao
important development of the simple model was the
addition of light reflected anterior to the pigment layer,
for instance at the internal limiting membrane (ILM).
Rushton (1965) called this “superficial stray-light”. A
second type of stray-light, traveling through parallel
pathways in the receptor interspaces,was called “fundal
stray-light”. The simple model, which ignores stray-
light, underestimatesthe density of the visual pigment.
However, the assessment of the amount of stray-light,
and consequentlythe true density of the visual pigment,
has remained a problem for 30 years. Low fractions of
stray-light (2’% at 500 nm) were found by Rushton
(1965), whereas higher fractions of stray-light were
reported by Ripps & Weale (1965) (33%) and King-
Smith (1973a, b) (57%). The model of van Blokland &
van Norren (1986), which is based on measurementsof
the directionalreflectionof the retina, added pathwaysof
light in and around the receptor layer. This model
predicted 50% stray-light.
Pathways of light can also be derived from models
describing the absoluteoptical reflectanceof the fundus,
With the assumption that there are certain reflecting
layers and a limited number of absorbers with known
spectralextinctionin the eye, thesemodelstry to quantify
these layersby decomposingthe measuredspectrum.For
reasons of simplicity, existing models used light levels
Ld
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that were high enough to bleach the visual pigments.The
implicit assumption is that the receptor layer is then
completely transparent and can be ignored. Van Norren
& Tiemeijer (1986)proposed a modelwith reflectanceat
two layers, the retinal pigment epitheliums(RPE) and the
sclera. Delori & Pflibsen (1989) expanded the model,
incorporating more complex light scattering in the
choroid.
The optical coherence technique applied to the retina
provides a more direct way to study optical pathways
(Huang et al., 1991; Hitzenberger, 1991;Puliatitoet al.,
1995; Hee et al., 1995). Strong reflections (high
amplitudes) are supposed to originate in the region of
the choriocapillaris and the RPE. However, structures
that scatter diffusely over a certain depth-range are less
pronounced. We think that the present interpretation of
OCT data leaves room for alternatives (cf. Discussion).
Our aim was to derive a foveal reflection model that
simultaneously explains spectral and directional reflec-
tion and bleachingeffects.Within this rathercomplicated
framework, it serves to first outline our main assump-
tions, and point out where they differ from existing
models. Cone photoreceptors have a directionality that
expresses itself in both the psychophysical Stiles–
Crawford effect (Stiles & Crawford, 1933) and direc-
tional reflection (van Blokland, 1986). How do the
directionalpropertiesof the receptor layer influencelight
reflectedfrom deeper layers?On the basisof the natureof
the diffuse white sclera and the multiple scattering of
light by the choroidal tissues,we assume that the deeper
layers taken togetheract to some extentas a diffuserwith
non-directional properties. Optical theory states that
looking at a perfect diffuser through refracting optics
(for instance a lens or in our case bleached photorecep-
tors), yields the same apparent reflectanceas there would
be withoutthese opticalelements(Longhurst,1973).This
is because the concentration (amplificationof vergency)
of light at entry is exactly nullified in the reverse
pathway. The reflectivity of the perfect diffuser is
constant for all angles, only for very large angles the
amplificationof vergency yields angles over 90 deg, and
prevents light from reaching the diffuser.
Another approach leading to the same conclusion is
that all light from a certain retinal angle, either going
(partly) through the bleached outer segment or going
through the interspaces,enters the deeper layers, forming
a three-dimensional cloud of diffuse deeper light.
Whereas with different retinal angles, the fractions of
light traveling through the outer segments and the
interspacesmay change, the intensityof the deeper cloud
of light remains constant. If a fixed relation exists
between entrance light and light posterior to the receptor
layer, this relation also must hold for the reversepathway
(reciprocity principle), and consequentlyemerging light
going back from the deeper layers to the directionof the
entering light cannot show directionality. This view
eliminates the difficult problem of how to divide light
entering the receptor layer from the scleral side, into a
part entering the outer segments (with strong direction-
ality)and a part enteringthe receptorinterspaces(with, at
first sight, non-directionalbehavior).
If, as argued above, the structures beyond the
(bleached)receptor layer do not show directionaleffects,
there must be other sources for the origin of light with
directionalbehavior.As we knowfrom the measurements
of van Blokland& van Norren (1986),dark adaptationof
the eye (resulting in increased absorption in the visual
pigments) greatly reduces the magnitude of the direc-
tional component. This eliminates all sources of the
directional reflex anterior to the outer segments of the
receptors.The only remainingcandidatefor the origin of
the directional reflex, in our view, then lies in the outer
segment layer itself, in particular in the cone photo-
receptordiscs.For anatomicaland opticalreasons,we are
unable to identify other structures that could fulfil this
function. The index of refraction of the disc material
(1.43) is higherthan the fluidaround it (1.36) (Piket-May
et al., 1993).Fresnelreflectionfor this indexof refraction
step cannot be directly applied due to the small
dimension of the thickness of the discs (about 15 nm)
compared to the wavelength. More appropriate in this
case would be thin film reflection theory (Longhurst,
1973),whereby interferenceof the reflectionat the back
of the disc would largely compensatefor the reflectionat
the front, leaving a very small residual reflection.
However, the accumulationof about a thousandof these
tiny disc reflections may be substantial. Evidence for
reflectionfrom the stack of discscomes from a technique
which showsthe existenceof a standingwave pattern in a
receptor model, by solving the time integrated Maxwell
equations.This technique,however, is still in its infancy
and calculations require considerable time on a super
computer (Piket-May et al., 1993).As the magnitudeof
the reflectionof the discs dependson many questionable
and unknownvariables,the only assumptionwe make for
our model is that there is a given reflectionfrom the discs.
The model presentedhere is the first to our knowledge
to incorporatethe receptorlayer into a reflectionmodelof
the human fovea, assuming directional reflection from
the stack of discs in the outer segments and non-
directional reflection from pre-retinal and post-retinal
layers. Our approach thus differs from previous studies
that relied on a directional reflection from origins
posterior to the receptor layer (van Blokland & van
Norren, 1986; Delori & Pflibsen, 1989; Gorrand &
Delori, 1995). We used the model to estimate the
proportionsof light in the optical pathways passing the
photolabilevisual pigments twice, partly twice or not at
all. Estimatesfor the densityof the visual pigmentswere
obtained that are consistentwith psychophysicaldata.
METHODS
Experimental setup
Fundus reflectionmeasurementswere performed with
a slightly modified version of the Utrecht Retinal
Densitometer (van Norren & van de Kraats, 1989). A
few essentialdetails are presentedbelow. The instrument
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enables, in contrast with older type densitometers,
investigation of the directional effects of the photore-
ceptors, by moving a fixed configurationof small, and
closely spaced entry and exit pupils, over the subject’s
pupil. The small entry and exit pupils further ensured
minimalcontributionof reflectionsfrom the instrument’s
output lens and the anterior parts of the eye. The
apparatus contains two channels that deliver light to the
retina. The first channel illuminates the measuring field
(1.9, 2.8 or 4.2 deg) on the retina. In this path, a rotating
wheel (14 rev/see) offers a sequence of 14 interference
filtersin the range410-740 nm (bandpass7 nm) to enable
quasi-simultaneousmeasurement of reflectance across
the visual spectrum. Interspaced are 6 stops to retrieve
dark counts of the photomultiplier and (room-light)
backgroundlevel.The mean intensityover timewas 1200
Td, ensuring that the bleaching of the visualpigmentdue
to illumination of the measuring field was kept at a low
level.
The second channel (30 deg) is used for bleaching.A
SchottOG495 and a neutraldensity(ND) filterwere used
to limit the bleach intensityto a safe level of 5.8 log Td.
For dark adaptation an ND filter was inserted which
lowered the level to 200 Td. This level still enabled
fixation at the cross-hair in the bleach channel.
Light reflectedfrom the fundus in a detectionfield (1.6
deg) concentric to the illumination field was measured
with a photomultiplierin photon count mode. Within the
detection field the retina was assumed to be homoge-
neous. A microcomputer in the instrument accumulated
(dark-corrected) counts for each interference filter and
sent them, once a second, to a desktop computer for
further processing.
Calibration
A surface painted with Eastman 6080 white was used
to calibrate reflectance. The spectral reflectance of this
paint was tested to be similar (t4%) to the spectral
flatness of a BaS04 surface. Using the 4.2 deg
illumination field, the reflectance measured at 220 mm
from the pupil plane of the instrument was set at l’%,
assuming a focal distance of the eye of 22 mm and
Lambertian reflectance.
The instrument’sstray-lightfor the different illumina-
tion fields was measured with a “black hole”. This
“black hole” consists of a polished black perspex plate,
placed at a 45 deg angle in the pupil plane of the
instrument. At this position there is a maximum
separation between illumination and detecting beams.
The minimal specular stray-lightat the surface is further
absorbed by the matt black anodized inner surface of an
aluminumenclosure tube, that tightly fits around the exit
lens to prevent roomlight entering the instrument. The
reflectanceof the “black hole” itselfwas estimated to be
less then 0.001%. Maximum stray-light of the densit-
ometer (0.0370 of a white retina) was measured at the
shortest wavelength (410 rim). The percentage reflec-
tance Z?(2) from the eye, for each illumination field
(illum), was calculated from the (instrument-corrected)
counts measured from the eye and the (instrument-
corrected) counts from the white surface as follows:
(1)
Protocol
Both the retinal angle of the reflected light and the
bleach state of the visual pigmentswere varied, in order
to test their influence on pathways of light through the
receptorlayer. All measurementswere obtainedfrom the
fovea by setting the fixation target at the center of the
illumination field. A bite-board and temple pads were
used to maintain head position.A mydriaticwas used to
dilate: the pupil. Reflection measurements to test
directionalitywere performedwith the instrument’sentry
and exit pupilsalignedto the peak of the Stiles–Crawford
(SC) function (van Blokland & van Norren, 1986). The
positionof the SC peak is slightlynasal in most subjects
(about 1 mm in the pupil plane). A second pupil position
2.5 mm temporal to the SC peak and thus closer to the
edge of the pupil was chosen to lower the light guided
into the receptors. We shall refer to these two pupil
positions in terms of retinal angle, calling the peak SC
position “perpendicular” and the temporal position
“oblique”. The densitometerwas aligned to the peak of
the !$C function by carefully monitoring both the
measured counts and the retinal image, while making
slighl.adjustmentsto the pupilposition.The retinal image
was optimized for brightness and contrast, thereby
avoiding reflections from the cornea and lens. In most
subjects perimacular reflectionsappear concentric when
the entrance and exit pupils are at the SC peak. Photon
counts were maximized for the medium and long
wavelengths(>550 rim),while at the same time keeping
the reflection for 410 nm below 0.05’%.At 410 nm the
retinadsignal is very low, mainly due to the high density
of the lens at this wavelength. Low counts at this
wavelength are a good indication for the absence of
corneal reflections.The interception of entrance or exit
light by the pupil, as indicated by a sharp decrease in
measured counts, was avoided.
The amount of visual pigment was controlled by the
radiance of the bleach light. The decrease in bleach
efficiencyfor the oblique pupil entry position compared
to the perpendicular position was calculated as 0.3 log
unit (Coble & Rushton, 1971). We used the Rushton
equation (Wyszecki & Stiles, 1982) to calculate the
unble~ached fraction of visual pigment in the four
conditions: perpendicularbleached, 0.03; perpendicular
dark, 0.93; oblique bleached, 0.06; oblique dark, 0.97.
To obtain an adequate signal-to-noise ratio, the
densitometer outputs were first averaged at 10 sec
intervals. Twelve of the 10 sec averages were again
averaged to give a final reflectiondata point (block of 2
rein). The standard deviation was calculated from the
twelve, 10 sec averages and mainly reflectsphoton noise
and minor disturbancescaused by short-termmovements
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FIGURE 1. (a) Reflectance spectra of a bleached fovea for perpendicular and oblique measuring angles. Continuous lines are
results from model fitting; points are data obtained from the first author (J.K.). In this and subsequent figures all data points and
model curves below 0.01 !%o were omitted as being not relevant. Illumination field size is 1.9 deg; detector field size 1.6 deg.
Reflectance is referred to a white diffuse retina. (b) Identical data as in (a), but now plotted on a linear scale. (c) The directional
reflectance, being the difference in reflectance between the model spectra and data points from (b). Although the model curve is
a secondary result of the global fitting to the four primary spectra and not a direct fit to the data points in this figure, the fitting is
still acceptable. At 540 nm and higher, the directional component is fairly constant. At the shorter wavelengths (below 540 rim),
the double pass of lens and macular pigment reduces the magnitude of the difference. At the long wavelengths absorption by
water is involved.
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FIGURE 2. Absorption spectra of blood, melanin, macular pigment, the lens and water in the eye for a single pass. Mean results
of model fitting are used to give representative densities for an average: subject. For sources of the spectral shape see text. The
thickness of the blood layer is 23 pm, with an oxygenation of !J5~o. Melanin density is 1.32 at 500 nm; macular pigment density
is 0.54 at 460 nm; lens density at 420 nm is 0.54; water density is 0.025 at 740 nm (24 mm). Visual pigment densities are equal,
0.57 at the peak both for LWS and MWS cones, and are shown by the dotted lines.
of the subject.Alignmentwith the bleach light on took a
few minutes. Data recording was then started with the
bleach lighton for an additional2 rein, to obtainan initial
bleached spectrum. The dark period lasted at least 10
rein, the last 2 min being used to obtain the dark-adapted
spectrum. The spectrum obtained in the last 2 min of a
second bleach period, lasting at least 5 rein, was
considered the (final) bleached spectrum. If the 560 nm
point of the final bleached spectrum differed by more
than 0.03 log unit from the initial bleach spectrum, the
run was rejected. Each experimental run lasted 15–20
min for one alignment.
Subjects
All subjects were Caucasian and had normal color
vision, as assessed from their Rayleigh Matches. Two
experienced subjects with normal vision, the first two
authors, took part in the pilot experiments. More
extensive data were obtained for ten subjects, including
the authors.The purposeof the experimentwas explained
and written informed consent was obtained.
EXPERIMENTALRESULTS
Experiment 1: Directionality
Figure l(a) shows spectra (for subject J.K.) measured
in a bleached retina under “perpendicular” and “ob-
lique” conditions(cf. Methods).Continuouslinesare fits
from the model discussed later; symbols represent
experimental data. The visual pigments were bleached
away, and the 1.9 deg illuminationfield was used. Both
spectra showed the following features. Reflectancewas
highest (about 5%) in the long wavelength part of the
spectrum (above 600 rim). Melanin is virtually the only
absorber in this spectral region (see Fig. 2 for the
absorbers used in later analysis). Below 600 nm the
sudden decline in reflectancewas caused by absorption
by bllood.Reflectancedecreased to a level equal to what
we assume to be the reflectancefrom the outer segment
layer. Reflectancebetween 510 and 430 nm was further
reduced because of absorptionby the macular pigment.
At 430 and 410 nm reflectancedecreased sharply due to
lens absorption. As a consequence small residual
reflections from the cornea had a relatively large
influenceon the data. Therefore, in this and subsequent
figures all data points and model curves below 0.01%
were omitted (as being not relevant).In the middleof the
spectrumthere was a marked differencebetween the two
conditions, the reflection for light perpendicular to the
retina being about three times higher than for oblique
light. We attribute this completely to directional effects
in the cone photoreceptors.
In Fig. l(a) the spectra are plotted on a logarithmic
scale, as is usual to account for the large dynamic range.
However, an interesting aspect is overlooked this way.
On a logarithmic scale the greatest difference between
the spectra (showing in fact the greatest ratio) is seen
around 500-550 nm. This is lost when the reflectance
spectra are plotted on a linear scale [Fig. l(b)]. Instead,
there is little difference in reflectance for wavelengths
higher than 540 nm. This differencein reflectance(in our
opinion representingthe directional reflectancefrom the
rece]?tors)gained when going from oblique to perpendi-
cular angle, is plotted in Fig. l(c). The steep increase in
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FIGURE 3. (a) Reflectance spectrum for the perpendicular measurement angle, measured for the bleached retina [copy of upper
curve in Fig. l(a)], together with the spectrum measured for the dark-adapted retina. Continuous lines are the results of the
model fitting; points are experimental data. (b) Measured density difference spectrum (data points) and a model curve
(continuous line), defined as the difference between the logarithmic scaled spectra in (a). Afthough the model curve is a
secondary result of the global fitting to the four primary spectra and not a direct fit to the data points in this figure, the result is
still acceptable. For comparison, dotted lines show visual pigment absorption curves (DeMarco ef al.,1992) for LWS and MWS
cones. Their peak densities were set equal to the peak of the measured data. (c) Absolute reflectance difference between the
spectra in (a) on a linear scale. This represents the light gained when a dark-adapted fovea is bleached. The continuous line is the
model fit. Again this is a secondary result of the global tit to the four primary spectra. Dotted lines show the components from
the model fit for light reflected at the receptor discs and the sclera.
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FIGURE 4. Reflectance spectra (subject J.K.) measured from the central. 1.6 deg fovea, with an annulus with borders of 4.2 and
2.8 deg as illumination (see text). Shown are the perpendicular and olblique conditions measured in a bleached retina. Data
points below 610 nm are noisy due to the subtraction of low values (see experiment 3). Lines in this figure are not based on
model prediction, they just connect the data points for visibility. The data in this figure represent the spectral shape of the
“deep” reflected light. The similarity between the two curves, especially at the long wavelengths, indicates the absence of
directional effects in this deeper light.
absorptionby blood at wavelengthsbelow 610 nm is not,
or at most to a very minor extent, seen in the directional
spectrum, in particularwhen compared to the substantial
influenceof absorptionby blood on the originalreflection
data shown in Fig. l(a). The decline below 560 nm
coincides with increasing absorption by the macular
pigment and below 450 nm with absorptionby the lens.
As will be shown later, the decline at the longest
wavelengths is largely due to absorptionby water. This
experiment suggests that the directional reflection from
the receptorshas a constantmagnitudeover a broad range
of wavelengthsand the spectral shape shown in Fig. l(c)
is only due to pre-receptor absorbers. This experiment
supportsthe suggestion(cf. Introduction)that the deeper,
blood-rich layer reflects non-directionallight.
Experiment 2: Varying visualpigment
The impact of the visual pigment on the foveal
reflectionis illustratedin Fig. 3(a). Two “perpendicular”
spectraare presented,one for the bleachedand one for the
dark-adapted condition. The difference between these
logarithmic plots is the well-known result of retinal
densitometry [Fig. 3(b)]. This curve is traditionally
ascribedto the doubletraverseof measuringlight through
the visual pigments.According to the simple model (cf.
Introduction),spectral aspects of posterior reflectorsand
anteriorabsorbersdo not influencethis type of result, and
only the spectraldensityof the visualpigmentis assumed
to be relevant. For comparison,the absorptionspectra of
the long and medium wavelength-sensitive visual
pigments (DeMarco et al., 1992) are also shown. The
modelcurve in this figureis a secondaryresultof the later
describedfit to the four originalspectraand is not a result
of a separate fit applied directly to the data points in this
figure.
The absolute linear difference between the perpendi-
cular spectra from Fig. 3(a) is plotted in Fig. 3(c). This
differencein reflectancereveals details that go unnoticed
in the logarithmic difference of Fig. 3(a) (that shows in
fact ratios). These data represent the absolutereflectance
gainedwhen goingfrom the dark-adaptedto the bleached
state. The maximum appears at 610 nm, instead of 550
nm as seen in Fig. 3(b). There is an abrupt decrease at
wavelengthsbelow 610 nm, indicative of absorptionby
bloodl.The retinal vascular system is unlikely to have a
great influence as it did not affect the results of
expel’iment 1, and there are no indications of such
absorption in the psychophysical spectral sensitivity
curvesof the fovea.This experimentproves the existence
of a pathwayof lightthat traversesthe photoreceptorsand
also the deeper, blood-rich layers. To illustrate this, the
results of the two underlying components (sclera and
receptor discs) obtained by the model fitting are also
shown [dottedlines in Fig. 3(c)].Again, the modelcurves
in this figureare a secondaryresult of the later described
global fitting.
Experiment 3: Directionalityof lightfrom deeper layers
A more complex experiment provided additional
evidence for the non-directionalityof the light reflected
by the deeper layers. When illumination and detection
fields do not overlap in the retinal plane, there is no
reflectionfrom receptor and superficialretinal layers and
only laterally diffused light from the deeper layers
2236 J.vande URAATS et al.
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FIGURE 5. Model of optical reflectance of the fovea, with pathways through the receptor layer and reflections from the ILM, the
receptor discs and the sclera. Reflectors are indicated by horizontal lines. Absorbing pigments are drawn as horizontal boxes.
Cones are depicted as funnel-shaped objects. In the dark-adapted condition the cones are filled with visual pigment. Light enters
the eye from the top, as indicated by the downward pointing arrow. Upward pointing arrows represent light detected by the
instrument, emerging from the eye after reflection from the different layers. Secondary reflections are assumed to be lost
elsewhere. Only the reflection from the cone receptor discs is directional. For a complete description of the model see Model
section.
remains. This was achieved by subtracting the spectrum
measured with an illuminationfield of 4.2 deg from the
spectrummeasured with an illuminationfield of 2.8 deg.
In this way light entering in an annulus with borders at
4.2 and 2.8 deg and emerging from the retina from the
central detection area of 1.6 deg diameter is obtained.
Measurements in the bleached condition showed that
very little light emerges at wavelengths below 610 nm
(Fig. 4, subject J.K.). It is difficult to make an absolute
comparison with the other spectra because more light
entered the eye (reflectance is only clearly defined for
local light). This result proves that the light has indeed
traveled through the deeper layers and that there was
strong absorption by blood and melanin. There was
virtually no difference in reflection at the long wave-
lengths when the results for the perpendicular and
oblique conditions were compared. For shorter wave-
lengths,the amplitudeof the differencewas low and even
negative due to noise, because of the subtraction of
almost identical data from the original measurements
with 4.2 and 2.8 deg illumination field. From this
experimentwe can concludethat the light reflectedfrom
the deeper layers is non-directional,even after passing
the receptor layer with strong directionalproperties.
MODEL
General introduction
Our starting point was the model developed by van
Norren & Tiemeijer (1986), with some of the modifica-
tions suggestedby Delori & Pflibsen(1989). Our model
includes the receptor layer, which was ignored by van
Norren & Tiemeijer (1986)and Delori & Pflibsen(1989).
The model (Fig. 5) is divided into three main parts, the
pre-receptor (mainly eye media), the receptor and the
post-receptorpart (all deeper layers). Light entering the
eye is represented by a vertical thick line (left) with a
downward pointing arrow and light emerging from the
eye is represented by a vertical thin line (right) with an
upward pointingarrow. In Fig. 5 the absorbinglayers are
THE PATHWAYS OF LIGHT MEASURED IN FUNDUS REFLECTOMETRY 2237
TABLE 1. Spectral data from the literature that were used for the model fitting; for sources see text
Wave Lens-a Lens-na Water Mac MWS LWS Mela Blood Sclera
410
430
450
470
490
510
540
560
577
610
630
650
690
740
0.4388
0.3240
0.2537
0.2007
0.1607
0.1267
0.0920
0.0688
0.0492
0.0232
0.0112
7.4E-4
0.0
0.0
420 nm
0.3724
0.66473
0.10332
0.00453
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
420 nm
0.3080
0.00020
0.00018
0.00018
0.00018
0.00022
0.00039
0.00059
0.00075
0.00103
0.00302
0.00334
0.00366
0.00525
0.02458
0.1642
0.3643
0.4596
0.4467
0.4037
0.1326
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
460 nm
0.495
0.0806
0.1206
0.2309
0.4112
0.6423
0.8694
0.9902
0.8076
0.5330
0.1212
0.0346
8.27E-3
4.30E-4
1.52E-5
0.0730
0.0875
0.1164
0.1796
0.3421
0.5828
0.9310
0.9958
0.8803
0.4733
0.2356
0.0902
0.0068
2.63E-4
0.7695
0.6600
0.5604
0.4900
0.4298
0.3705
0.3094
0.2605
0.2395
0.1801
0.1501
0.1299
0.0900
0.0600
500 nm
0.40
0.10793
0.06089
0.01564
0.00764
0.00518
0.00448
0.01296
0.00834
0.01350
0.00027
0.00017
0.00012
0.00009
0.00012
0.999
0.948
0.900
0.854
0.810
0.769
0.711
0.675
0.646
0.592
0.562
0.534
0.481
0.422
“Wave” is the wavelength, “Lens-a” is the aging part of lens density, “Lens-na” is the non-aging part of lens density, “Water” is the density of
24 mm water, “Mac” is the density of the macular pigment, “MWS” and “LWS” are normalized (energy) sensitivities of the medium and
long wavelength sensitive visual pigments, “Mela” is melanin density, “Blood” is the density of l~m of 95% oxygenated blood, “Sclera” is
the reflectance of the sclera. Data were interpolated by a polynomal to 1 nm resolution and convoluted with the 7 nm bandwidth of the
interference filters. The 740 nm MWS and LWS data were extrapolated by fitting a straight line through the last original data points. Where
applicable, at the bottom of the column, the wavelength and value of normalization are given.
represented as horizontal boxes. Spectral data for these
layers were convoluted with the 7 nm bandwidth of the
filters used in the measurements (Table 1). The spectral
data with densities for an average subject are shown in
Fig. 2. Single horizontal lines in Fig. 5 represent
reflecting layers. The receptors are depicted as vertical
funnel-shaped objects. Reflecting layers are assumed to
be spectrally neutral, as is the case for Fresnel refraction
on layer boundaries with a small difference in the
refractive index. An exception is the reflectance of the
sclera, that was assumed to decrease slightly in the long
wavelength part of the spectrum (see the next section).
Secondary reflections at the back of reflecting layers
(when going upward in the drawing)do not contributeto
the measured signal. The model is discussed in detail
below. We start at the scleral side because the
reflectance of posterior layers are components in the
calculation of anterior reflectance. Only those para-
meters that are allowedto vary in the processof fittingthe
experimentaldata are numbered.
Post-receptor (deeper) layers
We modeled the deeper layers in a very simplifiedway
similar to that of van Norren & Tiemeijer (1986), with
absorptionby melanin and blood and reflectionfrom the
sclera. Delori & Pflibsen (1989) presented a more
complex model of the deeper layers. They used fixed
values for epithelial melanin and blood in the chorioca-
pillaris and added a more complex reflection in the
choroid, using Kubelka–Munk scattering with a fixed
tissue scatter term. This resulted in an estimate of the
density of choroidal melanin and the thickness of the
blood layer. The numbers for blood and melanin are
higher (and more realistic in an physiologicalsense)than
the van Norren and Tiemeijer data, but this is at the
expense of the three extra parameters. In addition, the
resultsare (1) quite sensitiveto the tissuescatteringterm,
which was fixed at a very weak optimum, and (2) the
Kubelka-Munk scatter model is only one-dimensional
and ignores sideward scattering. We think that a more
complex three-dimensionalmodel, including reflection
from Bruch’smembrane,and paralleland serialpathways
through blood, melanin and tissue, is needed to obtain
more precise parameter estimates. As our main interest
was :notin the deeper layers, but in the behavior of the
receptor layer, we did not employ Kubelka–Munk
modeling.We only needed a short and simple character-
ization of the reflection from the deeper layers. By
ignoring the details of choroidal parallel pathways and
scatter, the values for blood layer thicknessand melanin
density are underestimated.
The reflectanceof the sclera was assumed to decrease
in the long wavelength part of the spectrum (Delori &
Pflibsen,1989). It is describedby a fixed parameter:
R,C1,r,(A)= 0.5. exp(–O.00261(A– 675)). (2)
Parameter 1. Density of deep scatter 1OSX$ (D&at)
To allow for spectrally neutral losses at the deeper
layers (for instance light scattering out of the detection
field), a free parameter Dd,C,t was added (Delori &
Pflib:sen,1989).
Parameter 2. Thicknessof bloodlayer@hb[OOd)
We assumedthe oxygenatedfractionto be 0.95 (Delori
& Pflibsen, 1989). Blood absorption data (both HB and
HBC$)were taken from van Assendelft(1970). The free
parameter, ThblOOd,represents the thickness of an
equivalent layer of blood in micrometers. This value
was convertedto the opticaldensityof bloodDblOOd(~)by
using the extinctionvalues from Assendelft (see Table 1
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for densitiesof 1 pm blood).The concentrationused was
150 mg/1and the molecular weight was 16.1 mg/mmol.
Parameter 3. Density of melanin (I)~,lJ
The shape of the melanin absorptioncurve was taken
from Gabel et al. (1978)with the densityat 500 nm as the
free parameterD~.l,.
Calculatingreflectanceof the deeper layers
The formula for sclera reflectance gives unrealistic
values near 100%reflectancefor the shorterwavelengths
(Table 1). Fortunately, these high values are not
important, because the high absorption of blood and
melanin in this spectral region virtually eliminates any
influence of deeper reflected light compared to the
influenceof reflectionfrom the photoreceptordiscs.
The reflectanceof the deeper layers is calculated as:
~d..p(~) = (3)
R~C1e,a(~). 10–2(Dmela(A)i- Dblood(~)+ Dds.at)
Receptor layer
The receptors in this layer are depicted by the vertical
funnelingelements in Fig. 5 (two cones are shown rather
than one, to avoid crowdingof the entering and emerging
lightpaths). Becauseof their small dimensions,receptors
can be consideredas opticalwaveguideantennas(Snyder
& Pask, 1973). Antennas are reciprocal, the lobes that
describe the directional reception also apply when they
radiate. Antennas usually have a pronounced forward
lobe, makingreceptionmost effective for a perpendicular
angle. At oblique angles, less energy is captured and
more escapes to the surroundings.With knowledgeof the
directional forward lobe, the so-called antenna gain and
the effective capture area can be determined (Jessop,
1971).The antennagain is definedas the ratio of the area
of a hemisphereand the weighted cross-sectionalarea of
the lobe at the hemisphere.The capture area is definedas
the effective reception area and may be larger than the
physical dimensionsof the antenna. The antenna gain is
high and the capture area is large when the directionality
of the receiving pattern is high (see Appendix). If the
foveal receptors are considered as antennae, the capture
area for perpendicularlight is calculated to be larger than
the area covered by the receptor itself. This means that
we can assume that all the light is captured by the inner
segments of the receptor and then travels onto the outer
segments. In conclusion, for our detection field we
assume light not to enter the receptor interspaces in this
perpendicularcondition.
For oblique angles, light has to enter the interspaces
between the outer segments in order to explain the
decreasing psychophysical Stiles–Crawford efficiency.
Psychophysicalexperiments (King-Smith, 1973b;Burns
& Elsner, 1993) show an apparent decrease in the
thickness of the visual pigment layer at oblique angles.
This apparent decrease also narrows the absorption
spectra of the visual pigment. Considering the case
where light already escapes at the inner segment level
instead of escaping along the outer segment, then the
fraction of light still guided through the outer segment
always encounters the full length of the visual pigment
layer. In that case therewouldbe no spectralnarrowingof
absorption spectra. We therefore assume, as proposed
earlier by Walraven & Bouman (1960) that, for oblique
angles, light gradually escapes along the outer segment
into the receptor interspaces.This results in an exponen-
tial decay of guided light within the outer segment.
Parameter 4. Stiles-Crawford (SC) effect
To quantify the captured light as a function of retinal
angle, we implemented a Stiles–Crawford (SC) para-
meter fixed at 1 for the perpendicular condition and
between O and 1 for the oblique condition. We defined
parameter SC as the transmission of the total outer
segment due to the apparent absorption of the escaping
light. The escaping fraction is then 1 – SC. For the
uniformity of later calculations we converted the free
parameter SC to the density of the apparent absorption;
D,,Cdefined as:
De,C= –log(SC). (4)
Parameter 5. Receptor disc re$ectance (Rd&c)
For an array of receptors with overlapping capture
areas (see Appendix)and reflectionat the outer segment
discs, the apparent reflectancefor the whole array equals
the apparent reflectance of a single outer segment,
although the latter has a smaller diameter. At an oblique
angle, light escaping from the outer segment lowers the
apparent disc reflectance,as only the light remaining in
the outer segment “sees” the discs. This is the basis for
directional reflection according to our view (cf. Intro-
duction).
The free parameter,R~i~C,is taken to representthe total
reflectance of the discs in the absence of other factors.
Again,we convertedthis reflectancefor the uniformityof
later calculationsinto an apparentdensityof a singlepass
through the outer segment.Ddi~Cis calculated as:
Ddi~C= –lOg(l – Rdi~c). (5)
Parameter 6. LWS cone coveragefraction (LCOV)
We distinguish between medium (MWS) and long
(LWS) wavelength sensitive cones. Short wavelength
sensitive cones are so sparse that they can be neglected
(Curcioet al., 1991).The ratio of the numbersof long and
medium sensitive cones is represented by their average
coveragefractions,LCOV and MCOV.We arguedbefore
that, based on the capture area of the receptors, no light
entersdirectly into the interspaces.We thereforetook the
sum of LCOV and MCOV as unity.
Parameter 7. DensiQ of the visualpigment (DVP)
The peak visual pigment density,D,P, was assumedto
be equal for LWS and MWS cones [short wavelength
sensitive (SWS) cones were ignored] and was a free
parameter.The spectralshapeswere taken from DeMarco
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et al. (1992). In Fig. 5 each cone can contain only one
visual pigment. The density as a function of wavelength
of LWS visual pigment, D1W,(2),is obtained by multi-
plying the normalized LWS density spectrum and D.P.
SubstitutingMWS for LWS givesD~W,(~)for the MWS
visual pigment.
Calculating the reflectanceof the receptor layer
The reflectance of the receptor layer in our model
consists of two components: (1) the direct reflectance
from the discs; and (2) the reflectanceof light which has
traversed the receptors (either the full outer segment, or
partly when escaping along the outer segment) and the
deeper layers.
Reflectance of the discs. Microscopically we view the
reflection from the individualdiscs as a homogeneously
distributed reflectance over the full depth of the outer
segment. This distributed reflection(seen from the inner
segment) is influencedby lossesdue to (1) the absorption
of visual pigment, (2) light escaping along the outer
segmentfor obliqueangle and (3) light reflectedfrom the
discs. We already assumed that the losses (2) and (3) act
as homogeneousdistributedoptical filters, and we used a
similar assumption for visual pigment. Consequently,
measured light from discs near the inner segment has a
higher amplitude than that of measured light from discs
near the end of the outer segment.The pathlengths,from
zero to the full length of the outer segment through the
homogeneous optical filter, act as a graded (wedge
shaped) filter. The resulting transmission from such a
filter of maximum densityD is described by:
~ ~ed= 1 – 10-D
gra D . ln(lO) (6)
The density of visual pigment and densities due to
escaped light and disc reflectionlossesare substitutedfor
D in equation (6). Pathways for escaped light run from
the inner segment to the position of escape along the
outer segment and back. So do the pathways for visual
pigment (going in and out the receptor). We ignored
secondary reflection losses at the back of the discs,
permissible if the reflectance is in the order of a few
percent. Multiplication by a normalizing factor
Ddi~C.in (10) is needed to arrive at the definition for
reflectanceRdis.,when Dl~s and Des. are zero. we then
find for the total reflectanceof the discs of LWS cones:
and a similar expressionfor the MWS cones R~W~di~C(~).
The total reflectance from the discs of both LWS and
MWS cones is:
RtOtdi~C(~)= LC’OV RIWSdiSC(~)+MCOV Rmwsdisc(~)
(8)
Light transmitted through the outer segment. The
transmission of the total length of the LWS cone outer
segment,TranslW,is simplydeterminedby the additionof
the urlderlyingdensities as:
TranslW,(A) = 10 – (DIW,(A)+ Des. + Ddisc). (9)
and similarly for the MWS cones Trans~W,(l).
The total transmissionof LWS and MWS cones is:
7’rans,0,(A)= LCOV . TranslW,(A)
+MCOV ~Trans~W,(A) (lo)
Light escaping along the outer segment. For the
escaped light we have to account [in a similar way as
for the calculationof reflectanceof the discs in equation
(7)] for the graded density of visual pigment, the density
due tcllight already escaped, and the density due to light
alreadlyreflectedfrom the discs. Only the pathwaysfrom
the firstdisc (inner segmentside)to the positionalong the
outer segmentwhere the light escapes into the interspace
have to be considered. Multiplicationby a normalizing
factorDes.. in (10) is needed to arrive at the definitionfor
the escaped fraction in the absence of losses from visual
pigment and disc reflection. For the LWS cones the
escapledfraction is:
.ESC]W,(A) = L&. (1 - lO-(DIWS(A)+D.SC+D~iSC))DIW~(A)+ D.,C+ Ddi~C (11)
and similarly for the MWS cones ESC~W,(A).
For the total escaped light fraction of LWS and MWS
cones we find:
ESCt,Ot(A)= LCOV ~ESCIW,(A)+A4COV .ESC~W,(A).
(12)
Reflectance of the receptor layer including lightpaths
traversing the deeper layers. Light entering the deeper
layers consists of a fraction that has been transmitted
through the outer segments and a fraction that has
escaped from the outer segments. The reflectance for
pathways traversing the deeper layers and the receptor
layer is:
R,e(,@..P(~)==(Trans,o,(A)+ESC~o~(A))2~RdeeP(~)
(13)
The total reflectanceat the level of the receptor layer is
given by:
RreCeP(A)= R~O~diSC(A)+R~...PP(~)(~) (14)
Pre-receptorpart
It is assumedthat pre-receptorreflectionand transmis-
sion is non-directional,ignoring minor inhomogeneities
in lens absorptionover the pupil (Vos & van 0s, 1975).
Specular reflections from the eye media are avoided in
our flundusreflectancemeasurements.
Phrameter 8. Density of macularpigment (D~J
Spectralabsorbanceby the macular pigmentwas taken
from DeMarco et al. (1992).As the spatial distributionis
not flat, the free parameter D~,C represents the average
density at 460 nm over our measuring field (1.6 deg).
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Parameter 9. Reflectance of the inner limitingmembrane
@ilm)
The free parameter ILM reflectance (Ril~) is assumed
spectrally neutral. We also assume non-directional
diffuse reflection, as in our measurements, except for
the tiny reflex that was sometimes present at the very
center of the fovea, specular reflection was not visible.
Minorbackscatter in the vitreouscannotbe distinguished
from the ILM reflectance and is included in this
parameter.
Parameter 10. Lens agingpart (DI..,-o)
The density of the media consistsof four components,
the fixed spectral density of the non-aging lens part
(D1.n,-.,),the spectral density of the age dependent lens
part (D1..~.,),which we allowedto vary, the fixeddensity
of the spectrally neutral scatter losses (D~ed,C,~),and the
fixed spectral density of 24 mm of water (DW.te,),
representing the vitreous. The parameter values for
Die.,-, and D,..,... are the densities at 420 nm. Spectral
data were from the van Norren & Vos (1974) standard
observer with the aging algorithm from Pokorny et al.
(1987).Sinceour measurementswere not restrictedto the
center of the pupil, the 0.86 correction term for large
pupils was applied to D1..,.. and Dlen,-n,.The term
D~ed,C,frepresents scatter losses in the media (mainly
lens, but also some loss due to the corneal reflectance).
Delori & Pflibsen (1989) suggested a fixed value of 0.1
for this parameter, D~e&C,~.We used 0.15, the value
provided by van Norren & Vos (1974) for non-spectacle
wearers and an additional 0.05 for spectacle wearers.
Absorptionby the vitreous, taken to be that of pure water
(Smith & Baker, 1981), was only significant at the
longestwavelengths (0.025 at 740 rim).
Calculating the reflectanceat the level of the cornea
Finally, we have to account for reflection and
absorption by the media in order to determine the
reflectanceof the whole eye.
(Rilm+ (1 - Ri1~)2~1O-mmac(~).RreCeP(A))
FITTING EXPERIMENTALDATA
Fitting procedure
Parallel channels in the model call for
(15)
a fitting
algorithm capable of handling non-linear parameters.
We therefore applied the Marquardt–Levenberg fitting
algorithm (Press et al., 1989). The model has 10 free
parameters (3 pre-receptor, 4 receptor layer and 3 post-
receptor). To allow optimal fits, we allowed an extra
correction density DCt,giving 11 free parameters (see
below). The freedom of fittingwas limitedbecause in the
four spectra, measured for perpendicular and oblique
retinal angle and both in fully bleached and dark-adapted
conditions,48 data pointshad to be fittedsimultaneously.
From the total of 11 free parameters, only three
parameters were allowed to vary between the four
spectra, namely, the Stiles–Crawford (SC) parameter,
the amount of visual pigment density DVP and the
correction term DCt.DVPwas set at zero for the bleached
condition.SC equalled 1 for the perpendicularcondition
(no leakage)and had a positivevalue lower than 1 for the
oblique condition. The free correction parameter, DCt,
was required only in the perpendicular condition. Most
spectral absorbers we used tend to become zero at the
long wavelengths; this limits the degrees of freedom we
have for the fitting process. This was in particular a
problem when small reflectance differences occurred
between dark and bleachedspectra that could not be fully
explained by the low visual pigment absorption at the
long wavelengths. The visual pigment parameter, being
the only free parameter allowed for fitting the difference
here, was then strongly influenced.The differences are
considered to originate from small alignment distur-
bances between runs, from small changes in corneal
reflection caused by suppression of the blink reaction
during long periods of fixation, or from yet unknown
processes.DCf(either positiveor negative)was therefore
added to the media scatter term, D ,j ~me sca , in the
perpendicular,dark-adaptedcondition.
The measured data for 410 and 430 nm were excluded
from the fitting process, because these low reflection
values were liable to small, and in some subjects due to
changes in head fixation, variable amounts of back-
scattered light from the cornea or lens. The data are
included in the spectral plots, however, for comparison
with the model results (see also experimentalresults).
The standard deviations (see Protocol) were used for
weighting the data during the fitting process and are
shown as error bars in the spectral plots of Figs 1 and 3.
Note that these errors bars are minimum estimates,
mainly expressingphoton noise; errors due to long-term
effects, for instance shifts in alignmentbetween blocks,
are not included.This is one reason for the model curves
missing some data points. Another reason is that model
curves as in Figs l(c), 3(b) and (c) are not the result of
separate fits to the data points in those figures, but
secondary results from only one global fit to the four
primary spectra. The reflectance data averaged over the
group of ten subjects, together with the standard
deviation for the group and the mean of the relative
error in each subject, are shown in Table 2. The standard
deviation for the group shows the inter-individual
differences.The averageof the relative errors, calculated
from single measurementstandard deviations,represents
the average stability of a measurement.The parameters
obtained from fitting the data for the ten subjects are
shown in Table 3.
Results from the jittingprocess
The parameters obtained after the fitting process are
now shortly discussed and compared with data found in
the literature.
Deeper layers. Note that we simplifiedthe model for
the deeper layers. Parameters for blood and melanin are
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TABLE 2. Mean spectral reflectance data for the ten subiects in four conditions
Wave (rim) Perpendicular-bleached
410
430
450
470
490
510
540
560
577
610
630
650
690
740
0.027 0.496 (0.216)
0.097 0.344 (0.075)
0.118 0.364 (0.050)
0.170 0.350 (0.040)
0.219 0.365 (0.033)
0.645 0.312 (0.023)
1.230 0.275 (0.016)
1.334 0.259 (0.016)
1.413 0.243 (0.015)
2.073 0.240 (0.012)
2.386 0.254 (0.012)
2.715 0.242 (0.012)
3.461 0.253 (0.014)
3.926 0.229 (0.014)
Perpendicular-dark
—
0.021 0.590 (0.334)
0.081 0.313 (0.077)
0.091 0.333 (0.050)
0.122 0.295 (0.037)
0.140 0.277 (0.039)
0.289 0.211 (0.034)
0.451 0.185 (0.023)
0.489 0.186 (0.025)
0.586 0.199 (0.019)
1.196 0.203 (0.016)
1.748 0.226 (0.014)
2.277 0.233 (0.011)
3.270 0.248 (0.014)
3.793 0.235 (0.012)
Oblique-bleached Oblique-dark
0.019 0.656 (0.809)
0.067 0.353 (0.097)
0.078 0.337 (0.074)
0.099 0.270 (0.048)
0.114 0.265 (0.051)
0.249 0.219 (0.041)
0.443 0.194 (0.024)
0.509 0.195 (0.024)
0.568 0.170 (0.020)
1.198 0.264 (0.017)
1.533 0.277 (0.016)
1.843 0.282 (0.015)
2.639 0.274 (0.018)
3.202 0.251 (0.015)
0.023 0.538 (0.244)
0.066 0.371 (0.127)
0.081 0.414 (0.069)
0.100 0.323 (0.056)
0.108 0.297 (0.052)
0.202 0.213 (0.045)
0.318 0.200 (0.031)
0.357 0.203 (0.031)
0.414 0.206 (0.024)
0.960 0.291 (0.019)
1.342 0.296 (0.015)
1.728 0.308 (0.013)
2.574 0.294 (0.017)
3.118 0.262 (0.014)
Data are percentages referred to a white Lambertian reflector, followed by the relative standard deviation. The relative standard deviation
expresses mainly the intra-individual differences in reflectance. The average of individual relative errors is given in parentheses, as an
indication of the relative error in one subject. This is mainly the result of photon noise and small movements of the subjects.
TABLE 3. Free and fixed parameters used in the model
Method 1 Method 2
Free parameter Abbreviation mean, sd, range mean, sd
Deep scatter loss Dd,c,t 0.23 0.06 0.lWI.30 0.225 0.006
Blood layer (pm) Thblmd 22.7 16.9 7.3-63.2 17.0 4.5
Melanin density Dme,a 1.32 0.23 0.98-1.68 1.274 0.028
Stiles-Crawford eff. Sc 0.21 0.11 0.07-0.41 0.193 0.022
OS disc reflectance (%) Rdi,c 2.75 0.73 1.6&3.80 2.773 0.095
LWS cone coverage LCOV 0.56 0.11 0.41-0.71 0.525 0.048
Visual pigment dens. DVP 0.57 0.11 0.41+.80 0.587 0.026
Macular pigment dens. Dnlac 0.54 0.12 0.424.83 0.525 0.025
ILM reflectance (%) Rilm 0.26 0.09 0.12-0.44 0.260 0.024
Lens dens. Dlcn,.a+,en,.na 0.54 0.11 0.42-0.83 0.533 0.030
Media correction dens. Dc, 0.018 0.009 0.003-0.036 0.0194 0.0028
The free parameter results are for a group of ten subjects. Two methods were used to calculate the averages. In the first method the spectral data
from each individual were fitted, and the resulting parameters were averaged to give a group mean and standard deviation. The column
‘range’ gives the lowest to highest result of the fits. In the second method all corresponding spectra of the ten subjects were averaged to give
data for an ‘average subject’ (Table 2), and subsequently fitted, resulting in a second mean and standard deviation for the ‘average subject’.
For lens density the results are the sum of the free lens aging parameter ancl the fixed lens non-aging parameter.
Fixed parameters:
Density of media scatter losses Drnedscat 0.15 (+0.05)
Density of non aging lens part D,en,.na 0.31 at 420 nm
Density of 24 mm water Dwater 0.025 at 740 nm
Reflectance of the sclera R,c,era 0.5 at 675 nm
therefore not necessarily comparable with physiological
data (cf. “Post-receptor (deeper) layers” section).
Parameter 1. Density of deep scatter losses
The deep scatter loss Dds.,t (0.23), was higher than in
the model of Delori & Pflibsen (1989) who found 0.1.
This is because we used smaller fields. Delori and
Pflibsenfound reflectancein the long wavelengthpart of
the spectrum,stemmingmainly from deeper layers, to be
higher than 10% for lightly pigmented subjects. This is
only partly explained by the large (5 deg) illumination
field they used. Van Norren & Tiemeijer (1986) did not
use a Dd,C,tterm, but allowed the sclera reflectance to
change. Converted to the density of deep scatter losses
and corrected for not having implemented media scatter
losses,we found a density of 0.17.
Parameter 2. Thicknessof blood layer
The thickness of the equivalent blood layer, Thblood,
was ’23 pm. The mean value from van Norren &
Tiemeijer (1986) is given as a density of 0.18 at
500 nm, corresponding to a thickness of 37 ~m. Delori
& Pflibsen (1989) obtained higher values (60 to 304,
average 168pm) when assumingKubelka–Munkscatter-
ing in the choroidal space, but at the expense of
introducingseveral parameters (cf. Model section).
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Parameter 3. Density of melanin
The density of melanin (1.32 at 500 nm) is mainly
determined by the fit to wavelengths above 600 nm. At
shorter wavelengths absorption by blood dominates. In
addition, at the foveal site, our model shows that the
reflection in the receptor layer strongly masks the
reflection from deeper layers at wavelengths less than
570 nm. Melanindensitiesranged from 0.98 to 1.68.This
is in the lower end of the range found by Delori &
Pflibsen (1989) (0.79–8.5). Van Norren & Tiemeyer
(1986) reported a value of 0.98.
Receptor layer
Parameter 4. Stiles-Crawfordfactor
The Stiles–Crawford parameter, SC, depends on the
setting of the retinal angles (adjustment). In the present
context SC as such is not importantbut is needed only to
determine the other parameters. The maximum value of
0.41 ensures that the fitting process can successfully
discriminatethe directionalcone reflectionfrom the non-
directional reflection of the pre-receptor and the deeper
layers. Note that our definition of SC was slightly
different from the psychophysicalconvention,where it is
a measure of light absorbed by visual pigment.
Parameter 5. Receptor disc reflectance
The combined reflectancefrom the discs over the full
length of the outer segment (2.75%) can best be
compared with the reflectance at the RPE assumed in
the models of van Norren & Tiemeijer (1986) (1.18%)
and Delori & Pflibsen (1989) (2.3’%).The design of the
entry and exit pupils of the apparatus influences the
directional reflection. If van Norren & Tiemeijer (1986)
had used media scatter in their model, their value
converts to 2.36% (correctionwith twice 0.15 D).
Parameter 6. LWS cone coveragefraction
The coveragefractionof the LWS cones (0.56)is often
expressedas the ratio of LWS to MWS cones. Converted
to LWS coverage fraction, values of about 0.66 are
reported (Vos & Walraven, 1970; Cicerone & Nerger,
1989; Kraft et al., 1990).
Parameter 7. DensiQ of the visualpigment
The visual pigment densities we calculated (0.57 for
single traverse) are comparable with psychophysical
results. In our calculations, we did not take into
consideration whether the visual pigment was fully
bleached or fully dark-adapted (see Protocol), so the
value DVPis a low estimate. The final result could be
about 10% higher (0.63) if the Rushton equation is valid
(see Protocol). Visual pigment densities decrease with
field size. Smith & Pokorny (1973) found 0.3 for the
MWS cone and 0.4 for the LWS cone, usinga 2.5 deg test
field. Miller (1972) reported 0.5-0.6 for LWS and 0.4-
0.5 for MSW cones (1.6 deg test field). Burns & Elsner
(1993) reported 0.3 for the MWS cone and 0.5 for the
LWS cone, using 2 deg fields. Pokorny & Smith (1976)
presented a formula to calculate the densities in relation
to field size. For our 1.6 deg field, this would result in
0.52 for LWS and 0.42 for MWS cones. Walraven &
Bouman (1960) reported 0.7, based on changes in self-
screeningof the visualpigmentsdue to changesin Stiles-
Crawford effect (2 deg field).
Pre-receptorpart
Parameter 8. Densi~ of macularpigment
The density of macular pigment (0.54 at 460 nm)
differs substantiallybetween subjects and also decreases
with increasingfield size. Bone et al. (1992) found 0.57
for a spot size of 1.6 deg (identical to our detection field
size). Delori & Pflibsen (1989) used larger fields
(illumination 5 deg, detection 1.2-1.6 deg) and found
0.21. The mean value from van Norren & Tiemeijer
(1986) is 0.24; they also used larger fields (3.5 deg
illumination,2.5 deg detection).
Parameter 9. ILM rejiectance
The ILM reflectance appeared to be low (0.26%). As
judged from direct observation, the inner limiting
membrane reflectance for this foveal site must be low
compared to the high specular reflections in the
perimacular region, which are particularly visible in
young subjects. This is partly due to the surface being
curved, which results in at most a very small specular
reflection at the foveal pit. Values about 0.09 times the
total outer segment disc reflection are indicative of low
superficial stray-light at wavelengths greater than 500
nm.
Parameter 10. Media density
The lens density (0.54 at 420 nm, age dependentplus
age independentpart) for our group of subjects (average
age 32, range 20 to 51 years)was lower than that reported
by Pokorny et al. (1987) (0.73, also average age 32
years). The mean value from van Norren & Tiemeijer
(1986)for four youngsubjectswas 0.38 at 419 nm. Delori
& Pflibsen(1989) found 0.66 for a group of 10 subjects
aged between 22 and 38 years. Minor addition of media
back-scatterto the data accountsfor the data pointsat 410
and 430 nm being generally higher than the model fit.
This backscatteralso partlycompensatesfor media losses
when using reflection techniques, yielding lower values
for the lens density than those obtained by using
psychophysicaltechniques.
Absorption by water was responsible for the lower
predictions for directional reflectance at long wave-
lengths [Fig. l(c)]. Absorption of water is hardly
recognized in the logarithmic representation of the
original reflectancespectra.
Parameter 11. Media correction term
The media correction term, DC,,was used only in the
perpendicular, dark-adapted condition and is a measure
of (for instance head position) stability during the
measurement. Although generally positive, its value
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(0.018) is sufficientlylow that no further comment need
to be made. This leaves ten important free parameters.
Statistical analysis
Analysis of covariances between the 11 fitted para-
meters from a fit to the average subject spectral data
yields insight into the degree of independence of the
parameters. In addition,each parameter was stepped one
by one over a range of fixed values, while the other
parameterswere allowedto vary.This cross-sectioningof
the multi-dimensionalparameter space yields (limited)
insight into the occurrence of multiple minima. No
multiple minima were found.
Only two covariances were significant, D1..~-, with
Rdi~C(0.75) and D~.l, with DdeePScal(-0.83). The aging
lens density hardly changed at wavelengthsbetween 500
and 600 nm, where the (by definition)spectrally neutral
R~i~Cis the most importantcomponent. It is yet unknown
how this covariance is influencedby an underestimated
lens density due to media backscatter. The negative
covariance between melanin density, D~.l,, and the
density of deep scatter losses, Dd,C,t,means that the
model is inclined to substitute the spectrally neutral
densityof Dd,C.~with the almost fiat melanin spectrumat
long wavelengths. As these are both parameters in our
simplified modeling of the deeper layers, effects on
receptor and pre-receptor layer parameters should be
minimal.
Correlationsbetween the fitted parameterswere found
by analyzingthe parametersfor the ten subjects.Age was
added as an extra variable in the analyses. Only three
correlation coefficients were higher than 0.7. The
correlation between D1.n~-and age (0.78) was expected.
The correlation between SC and LWS coverage fraction
LCOV (0.72) predicts lower directionalsensitivitywhen
a subject has a relatively high fraction of LWS cones.
This is not very likely. In the long wavelengthpart of the
spectrum, the model probably trades directly reflected
light from LWS cones for deeper reflected light. The
latter is also influenced by visual pigment changes but
does not show directional sensitivity. The last high
correlation (0.76) was RdiSCwith D.P. This could Simply
mean that a longer outer segment has more discs,
resulting in both higher total reflection and more visual
pigment.
The three major componentsof rejlected light
Once the total foveal reflectance has been put in a
model, it is possibleto show the underlyingcomponents.
Plotted in Fig. 6 are the fractional contributions(as seen
at the cornea) of the separate pathways; the ILM (pre-
receptor), the discs (receptor), and the sclera (deeper
layers). How the components behave as a function of
wavelength in the four conditionsis plotted in panelsa, b,
c and d. In Fig. 6(a), in the mid-spectral range, the pre-
receptor fraction (the superficial stray-light component
from the ILM) and the deeper fraction (sclera) are small;
the receptor outer segment disc fraction accounts for
almost 90% of the light emerging from the eye. At long
wavelengths, the “deep” component dominates. Only
this light has traveled the full layer of visual pigment
twice (no leak in the perpendicular condition), as
assumed in the simplemodel of the earliest densitometer
studies. Dark adaptation of the visual pigments resulted
in some loss of the receptordisc fraction around 550 nm,
but also in an about a three-fold increase of pre-receptor
reflected light [Fig. 6(b)]. This shows that “stray-light”
in densitometry has an more important role in dark-
adaptedconditions.However, “stray-light” is even more
importantin the obliqueconditions[Fig.6 (c, d)], and the
receptor signal only accounts for about 6070of the total
reflectionfrom the eye at mid-spectralwavelengths.This
illustrates the importance of using small entry and exit
pupils in instruments designed for optimal detection of
light from the cone photoreceptors.
GENERALDISCUSSION
Our model is the first to incorporate a directional
reflection from the stack of discs in the outer segments of
the photoreceptor. This has a major influence on the
estimate of the density of visual pigment. We found
calculated densities ranging from 0.41 up to 0.80, in
agreement with psychophysicaldata. These values were
much higher than the densitiesobtainedusing the simple
model with a double traversion of the visual pigment
layer. Our measured densities ranged from 0.32 to 0.54,
with a mean of 0.44.With the simplemodel, assumingno
stray-light, the estimated density for visual pigment is
only 0.22. The graded density in our model is an
importantdeterminantin these higher values; stray-light
from the ILM has only a minor effect. It should be
emphasizedthat the magnitudeof the directionalreceptor
componentstronglydependson the measuring technique
used. Fundus reflectometers with large exit pupils, as
used in older studies, do not make optimal use of the
directionalpropertiesof the foveal cones. This results in
shorterpathwaysthroughthe photopigmentsand a higher
stray-lightfraction,hence lowermeasuredvisualpigment
densities.
Several origins of the retinal reflections have been
proposed in previous studies. Polarization, spectral
decomposition, image quality of reflected light and
visual pigment bleaching have been used as tools to
discriminate between different layers. Campbell &
Gubisch (1966) used white illumination light and
concluded that the retina had a nearly perfect non-
directional character. This is not very surprising, given
the dominatingreddish nature of the spectral reflectance
of the deeper layers. There is now consensus that the
reflection from deeper layers is red, has poor (aerial)
image quality and destroyedpolarization.The discussion
is now concentrated on additional reflectors.Van Blok-
land (1986)measured the degree of maintainedpolariza-
tion of light from the fovea. His data, replotted in Fig.
6(a), show a striking resemblance to those for our
receptor component. The decreasing polarization at
longer wavelengths relates to the increasing fraction of
deeper, unpolarized light. The reflection from the
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receptor discs seems to maintain polarization.As argued
in the Introduction,we do not agree with his interpreta-
tion of the RPE as the main originof reflectedlight, as we
assumed that all light that travels beyond the receptor
layer has no directionalproperties.Earlier, Weale (1966)
used polarizationas well as visualpigmentbleachingand
reported reflectionsfrom Bruch’s membrane with main-
tained polarization.The polarizationstate did not change
much after visual pigment bleaching. This conclusion is
supported by the relatively high receptor fraction in the
dark-adapted condition, as can be seen in Fig. 6(b).
Weale’s experiments with different exit pupil sizes
revealed that, consistent with our model, directional
reflectionoccurred at mid-spectralwavelengths.Techni-
ques that provide information supporting the receptor
layer as an important reflector used the quality of the
aerial image (Gorrand, 1985)and polarization (Rohler et
al., 1969) albeit without correction for retardation in the
eye. In experiments in which adequate tools for
discrimination are not used, the reflection from the
receptors is easily confused with a reflection from the
ILM (van Norren & Tiemeijer, 1986; Millodot, 1972;
Charman, 1980) or RPE (van Blokland & van Norren,
1986).
Images of the fovea obtained with optical coherence
techniques (Puliafitoet al., 1995) show a reflectionfrom
the region of the inner limiting membrane and relatively
strong reflections in the region of the retinal pigment
epitheliumsand choriocapillaris.Multiplescatteringin the
deeper layers is not detected with this technique.
Similarly, distributed reflection along the depth of the
outer segment may be underestimated. The use of IR
wavelengthsand entry and (large) exit pupils not aligned
to the peak of the Stiles–Crawfordmaximummay further
reduce the magnitude of the pronounced receptor
component that we see with our instrument at wave-
lengthsaround550 nm (Fig. 6). We suggest,in particular
when looking at retinal detachment cases (for instance
Puliafitoet al., 1995,case 9), that the double layer reflex
near the RPE consists of a reflection from the outer
segments and a reflection from, for instance, the
choriocapillaris or Bruch’s membrane. The comment
made by the authors that the reflection at the receptors
occurred due to “the normal incidence of the probing
beam” is in full supportof our theory about the origin of
the directional reflection. In our model we include the
reflectionfrom the choriocapillarisand RPE region to the
total of the non-directional reflectance from the deeper
layers.
Using a laser slit lamp technique,Shahidiet al. (1990)
found a double peaked reflectionprofile in the retina of
normal human subjects. In the fovea, the reflection(543
nm) assumed to originate from the ILM region is about
30% of the reflectionassumed to originate from the RPE
region. The depth resolutionof this technique is too low,
however, to detect a gradual disc reflection.
The stack of discs in the outer segment has a
resemblanceto an ordinaryYagi-typetelevisionantenna.
We think that both the discs and the Yagi elements
influence the electromagnetic field in a similar way to
achieve high forward sensitivity.The resulting increase
in the averagerefraction index of the discs relative to the
receptor interspacesforms the origin of the general wave
guidin,gbehavior(cf. an optic fiber).We ignoredthe fact
that the diameter of the outer segmentsof the receptor is
small compared to the wavelength of light. Entering
photons can be considered as Gaussian-shaped energy
fields with, even when they enter perpendicular, some
energy running in the interspace. On the other hand,
interspace light may have some energy running in the
outer segment. In the oblique condition, these factors
cancel each other to a certain extent.
The advantages of receptor directionality include
suppression of scattered light in the eye and efficient
use of visual pigment in small cross-sectional outer
segments, leaving an interspace for other purposes
(suppclrtingstructures and transport). Our model does
not require suppressionof oblique light in an anatomi-
cally obscure absorber, shielding the visual pigment
(Stiles & Crawford, 1933; van Blokland & van Norren,
1986). In addition, our model predicts that the light lost
for vision is also lost for directional reflection. The
directionalityof the foveal reflectanceis, however, more
narrowlytuned than the one derivedfrom psychophysical
data.When fittedwith a Gaussiancurve,widthsmeasured
between the inflectionpoints are found near 4.1 mm for
the psychophysicaldata and 2.6 mm for reflection data
(van 1310kland,1986).A possibleexplanationis that non-
directional light reflected from deeper layers does not
influence the width of the directional reflection data,
while the part of the deeper reflected light travelingback
through an outer segment broadens the width of the
psychophysicaldata. Compare this with recapturing of
light by neighboringreceptors (Chen & Makous, 1989).
Psychophysicaldata (Smith & Pokorny, 1973; Burns &
Elsner, 1993; Pokorny & Smith, 1976) suggest that the
peak density of visual pigment in LWS cones is higher
than the peak densityin MWS cones.We tried to consider
both densities as free parameters, but could not find
satisfactory solutionsof the fitting process because of a
high correlationbetween the LWS visualpigmentdensity
and the LWS coverage fraction. Perhaps the reddish
nature of the deeper reflectedlightmakes the LWS cones
more efficientfor visual perception.
At shortwavelengths(c51Onm) the reflectionfrom the
ILM becomes an importantstray-lightfactor, since light
originating from the receptor layer is attenuated by the
macular pigment. This forms an extra handicap if one
tries to make densitometricmeasurementsof the already
sparse SWS cones. We estimated, using an extended
versionof our modelcontainingSWS cones (not shown),
that a measured density at 440 nm of only 0.015 can be
expectedfor the SWS conesoutsidethe very center of the
fovea,
In ~;ummary,our model describes the spectral magni-
tude of the three main reflecting components in the
human fovea, for different bleach levels and retinal
angles. Separatepathways for directionalreflectionfrom
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the foveal cone receptor discs and non-directional
reflection from the pre- and post-receptor layers were
found.This may be relevant to other techniquesbased on
reflected light from the retina (for an overview of other
techniques cf. Knighton, 1995). The model yields
estimates of the density of the visual pigments that are
consistent with estimates based on psychophysical
techniques. The model also yields estimates of the
optical properties of other important absorbers. In spite
of including the receptor layer with inherent refracting
aspects,for the non-directionalreflectionfrom the deeper
layers in bleached conditions it can still be ignored. As
we simplifiedthe modeling of these deeper layers, more
complex modeling would be needed to arrive at
physiologically relevant estimates for the parameters in
the choroidal space.
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Thus, with inner segment diameters of foveal cones of about 2.5 jtm
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